A total of 14 well differentiated rhabdomyosarcomas were diagnosed at necropsy in 10,000 mice. Of the 14 affected mice, ten were BALB/cJ, and there was one case each of N HeJ, BALB/cByJ, C58/J, and C.B-17-scid/scid strains. Most often (10/14) tumors originated in the quadriceps muscles and metastases occurred in six cases. When submitted, affected mice were 2 to 8 months of age, with a mean age of 4 months. Tumor frequency for BALB/cJ mice was calculated to be 2.41100,000 mice retained as breeders. No sexual dimorphisms were determined when data were correlated to actual numbers of each sex in the colony. All 14 primary tumors and metastaseswerepositive by immunohistochemistry for the proteins pan myosin, sarcomeric actin, desmin, actin, and myosin, but were negative for smooth muscle actin, thus confirming the diagnosis. Usingcell freehomogenates of primary tumors, inoculated by intraperitoneal or intramuscular injection, tumors were not induced in either BALB/cJ or C58/J mice observed over a 22-week period. Southern blot analysis of DNA prepared from tumors and hybridized with a murine leukemia virus probe that recognizes both ecotropic and dualtropic viruses did not demonstrate viral genomic fragments in addition to those known to occur in each strain.
m utant laboratory mic e. The mic e are kept to 8 months of age, at which time the breeders are retired. In addition, colonies of nearly 1,000 strains are maintained by researchers. Over a period of 24 months, approximately 10,000 mice were examined. Detailed necropsy reports and information on population dynamics of the production colonies are kept in computerized database files." Data on strain, sex, age, and anatomic site of th e rhabdomyosarcomas were tabulated from these sources. The incidence rate for these tumors in the BALB/cJ strain was calculated by dividing th e number of cases diagnosed at the time of necropsy by the average month ly size of the colony multiplied by 24 months." From pedigree numbers, breeding records were evaluated to determine if there were any trends related to vertical transmission of an agent or potential genetic predisposition.
Materials and Methods

Pathology and immunohistochemical methods
Tumors and metastases were collected at th e time of necropsy and fixed in Fekete's acid -alcohol-formalin ," transferred after 12 hours to 70% ethanol, processed and em bedded routinely in paraffin, and sectioned at 6 um. Sections were stai ned with hem atoxylin and eosin , Bodian, Heidenhain's iron hematoxylin, and Mallory's phosphotungstic acid hematoxylin. Seria l sections of those diagnosed as rhabdomyosarcomas were placed on gelatin-chrome alum coated slides" for immunohistochemical staining. Epidemiology and pedigree evaluation Rabbit polyclonal or mouse monoclonal primary an -At The Jackson Laboratory, large production colo-tibodies were used on 6~m serial sections of paraffin nies consist of approximately 100 strains of inbred and embedded sections . Antibodies used , sources, and 200 Rhabdomyosarcomas are rare malignant neoplasms of skeleta l muscle. These tumors are infrequently diagnosed in domestic animals!' and are consi dered to be one of the rarest spontaneous tumors in laboratory rodents. v A murine retrovirus (Moloney murine sarcoma virus), isolated from a transplantable sarcoma, has been shown to induce rhabdomyosarcomas in mice. 16.21-23 In addition, a variety of metals' ? and carcinogens' >induces these tumors in rodents; the latter with an incidence in excess of 50%.1 Reports of spontaneous cases in mice are scattered and usually represent single cases or successfu l transplantation studies." Surprisingly, many rha bdomyosarcomas affect BALB/c or relat ed inbred strains. 18 ,21,3l Rhabdomyosarcomas can be difficult to diag nose . Demonstration of cross striations, at either light or electron microscopic levels , is an important diagnostic criterion. In poorly differentiated cases , the cross striations can be difficult to demonstrate. Immunohistochemistry has been used to confirm the diagnosis by means ofa variety ofantisera, including those directed against desmin.s-' myoglobin." and actin. v"
We report a series of well differentiated rhabdomyosarcomas that occurred spontaneously within skeletal muscles in large colonies of in bred mice . Data on epidemiology, morphology, immunohistochemistry, and etiology are described. II Biogene x, Inc., San Ra mo n, CA.
specificity are listed in Ta ble I. T he av idin-biotin complex techniq ue was used (Vector Laboratories, Burli ngame, CA) with normal serum replaced by 10% ova lbu min as th e no nspecific blocki ng agen t." Diam inobenzidine was used as the chromagen and Mayer's hematoxylin as the counterstain. Skeletal, cardiac, and smooth mu scle (intestinal and arterial) from norma l ma le and fema le BALB/cJ mice (one set from each sex) were used as posi tive and negative control tissues . Normal rabb it IgG (DAKO Corp. , Santa Barbara , CA) or normal mo use serum were used as negative con tro l sera to rep lace the respective primary anti body .
Screening for retroviral genomes
At the time of necropsy, portions of all tumors and metastases were frozen in liquid nit rogen and stored at -80 C for molecular and transm ission studies.
Total cellular DNA was extracted from 10 BALB/ cJ and I A/ J rhabdo myosarcomas in 1.5 ml tub es as follows. T issues were minced with scalpel blades, digested with pro teinase K (50 Ilglml; Sigma Chemical Co., St. Loui s, MO) for I to 3 hours at 55 C in 300 III of 10 mM Tris hydrochloride (pH 8.0), 10 mM NaCl, and 10 mM ethylenediaminetetraacetic acid, then extracted once with phenol, once with chloroform alone , and ethanol precipitated. DNAs were suspended in 50 III of the above buffer and concentrations and purity were determined by optical density meas urements at 260/280 nm . Aliquots of the DNA were digested with the restriction endonuclease Pvu II (BRL, Gaithersburg, MD).
After electro phoresis in 0.8% agarose gels, digested DNAs were tra nsferre d by the met hod of Sout hern " as modified by Reed and Ma nn.> DNA probes of high specific activi ty (generally 10 9 dpm/Ilg) were prepared by rando m prim er lab eli ng" (Phar macia, Inc., Piscataway, NJ) with [a -32P] dCTP (3,000 Ci/ m mo l; New England N uclear Corp., Boston , MA). Southern blots were prob ed with a murine leuk emia virus cDNA that recognizes both ecotropic and du altropi c viruses .12 Hybridizations were carried out for 24 hours as previou sly describe d.' Filters were washed in 15 mM NaCl , 1.5 mM sod ium citrate, and 0. 1% sodium dodecyl sulfate at 65 C. Signals were detected by autoradio graphy with XA R-5 film (East ma n Kodak Co., Rochester, NY) using inte nsifying screens (Cronex Lighting -Plus, E.!. du Pont de Nemours & Co., Inc., Wilmi ngton , DE).
Transmission experiments
Frozen rhab do myosarcomas from one mo use each ofstrai ns BALB/ cJ and C58/J and nor mal muscle from contro l mice of these strai ns were each frozen and thawed three tim es then finely homogenized in a Ten Broeck tissue grinde r in phos phate buffered saline solut ion to make a 10% (w/v) suspensio n. Th e tumo r homogenat e was injected J.P. and !.M. into four, 6-week-old fem ale BALB/cJ or two C58/J mice, respect ively. Normal muscle hom ogenate s were injected in a similar manner into two BALB/cJ and one C58/J mice. Th e anima ls were observed weekly ove r a 22week period for ev idence of tumor deve lopment then were eutha natized by CO 2 asphyxiatio n and necropsied. Skeletal mu scle at injectio n sites, maj or visceral organs, and lung were examined microscopically for evidence of tum or deve lop men t.
Result s Epidemiologic findings and pedigree evaluation
Rhabdom yosarcom as were diagnosed in only fourteen mice of the 10,000 necro psied ove r a 2-year period , indicating that thi s is a very rare neo plasm. Although the large produ ction and research colonies at The Jackson Laboratory consist of ove r 1,000 strains of mice , inbred stra ins, in which this neoplasm was diagnosed, were limited to Al HeJ (n = I), BALB/cJ (n = 10), BALB/ cByJ (n = 1), C58/J (n = 1), and C.B- 17-scid/scid strains (n = I). The cases are summarized in Table 2 . Ages of affected animals ranged from 2 to 8 months with a mean age of 4 months. Most mice are retired from the production colony at an average age of8 months. Ofthe affected BALB/cJ mice, seven were females and three were males , reflecting the same ratio in the colonies where the BALB/cJ mice were trio mated in the production colony (i.e., two females were mated with one male) and pair mated in the pedigreed expansion colony. The incidence rate for the combined BALB/cJ population was calculated to be 2.4 per 100,000. The pedigrees offive of the ten affected BALB/ cJ mice could be traced. Two affected siblings were offspring of an affected female. Two additional cases were separated from this affected female by eight and twelve generations, respectively.
Pathologic findings
Affected mice presented with raised, firm masses ( Fig. I) in areas where skeletal muscle is normally located ( Table 2 ). The overlying skin was intact. On cut section, the tumors were solid and mottled to dark red in color. All tumors had similar microscopic features that closely resembled previous reports. 18 , 19 Homogeneou s populations of pleomorphic cells formed nodules in and adjacent to normal skeletal muscle and bone (Fig. 2) . Th e cells had a variety of patterns. Cells with solitary nuclei had abundant, uniformly eosinophilic cytoplasm and were round, oval , or strap-like, depending on the plane of section. Many cells contained multiple nuclei and were strap-like and racket -shaped. Areas wit hin all neoplasms could be found in which neoplastic cells had distinct cross striations th at were clearly visi ble in Bod ian , iron hematoxylin, an d phosphotungstic acid-stained sections (Fig. 3 ).
Immunoh isto ch em ical findi ngs
The results of immunohistoc hem ical stai ning of all 14 primary and metastatic rhabdomyosarcomas as well as normal skeletal and smooth muscle are summarized in Ta ble 3. The cyto plasm of normal mu scle and neoplastic cells were positively stai ned with anti bodies directed against desm in, myos in, pan myosin , acti n, and sarcomeric actin. Background was high for several of the commercially available antisera, makin g int erpreta tio n difficult. T he most diagnostically useful antibodies were monoclonal ones directed against sarcomeric and smoo th mu scle actin. The antibody against the o-straited and cardiac actin isoform stained the cyto plasm of neoplastic cells and adjacent skeletal m uscle but not vascular smooth mu scle (Fig. 4) . Conversely , the a -smooth m uscle actin isoform m onoclonal anti body stained the cyto plasm of smooth mu scle but not skeletal mu scle or cells of th e rhabd omyosarcoma (Fig. 5 ). These clearly differen tia ted smooth mu scle from skeletal m uscle, thereby confirmi ng the diagnosis of rha bdomyosarcoma for all of these cases.
Molec ula r stud ies
Southern blot analyses of DNAs extracted from the ten BALB/cJ and one AlJ rhabdomyosarcomas and hybridized wit h a murine leukemia virus probe tha t recognizes both ecotropic and du altrop ic viruses de monstrated the presence the endogeno us 4.3 kb Pvu II fragment presen t in BALB/ cJ and AlJ m ice. '? No additional fragme nts were detected in the digeste d DNAs (results not shown) .
T ra ns m issi on re sults
No rhabdom yosarcom as developed in any of the six mice inoc ulated with homogenized, cell free extracts oftumors, or th e three mice injected with hom ogenized normal skeleta l muscle . Neoplasms were not observed at either the gross or microscopic levels.
Discussion
Rhabdomyosarcomas are considered to be one of the rarest sponta neo us neoplasm s in inbred laboratory mice; '? a review of the literature indica tes th at th e BALB/c an d related strains are the inbred strains most frequently affected.18.19,2 1,JI In this retrospective study, BALB/ cJ mice were the predominant (l 0/ 14), but not exclusive strain affected. Two of the four additional stra ins, BALB/cByJ and C.B.-17-scid, are related to the BALB/cJ stra in. Eva luation of pedigrees of affected BALB/cJ mice indicated th at five often BALB/ cJ mice were related. Three of these were closely related; one was an affected parent oftwo affected litt ermates. Other pedigrees cou ld not be traced to any of the affected BALB/ cJ m ice. The pedigrees of the BALB/ cJ mice in our pro duc tio n colonies represent poole d matings, making detaile d associations im possible; however, an apparent vertical association between three mice suggests that either genetic predisposition or vertical transmission of an infectio us agent ma y be involved. Retirement of breeders at aro und 8 mo nt hs of age might exp lain the low incidence rate of rhabdomyosarcomas in this colo ny if inci dence increases wit h age.
Spon ta neous rhabdom yosarcom as of inbred mice have been successfully tran splanted to syngeneic mice and mainta ined for long periods of time. 7 , 14, 18 ,J I Subcutaneo us ly tr an spl an ted rhabdomyosa rco mas between BALB/c mice grow progress ively in all recipi- ents. The tumor is pa lpable wit hin 7 days, does not regress, and the host dies in approximately 50 days.V Transmission of an infectious agent might have occurred in association with successful transplantation. A murine leukem ia virus variant was isolated from sarcomas in BALB/c mice. 16 This modified retrovirus induces rhabdomyosarcomas with a latency of 5 weeks. 16 • 2 1 ,35 Transmission attempts in this study, however, using cell free suspensions, did not induce rhabdomyosarcomas in either BALB/cJ or C58 /J mice injected intramuscularly or intraperitoneally, even after 22 weeks. This period is well beyond the prepatent periods reported for transplanted" or transmissible" rhabdomyosarcomas. Southern blot analysis of DNA prepared from tumor tissue and hybridized with a murine leukemia virus probe that recognizes both ecotropic and dualtropic viruses revealed the presence of the endogenous 4.3 kb Pvu II fragment present in BALB/cJ and NJ mice.' ? No additional viral fragments were detected. One would expect that if either of these murine leukemia viruses were involved in spontaneous tumor induction, additional proviruses would be present in these tumors pro viding they are monoclonal or oligoclonal in origin." The findings in this study suggest that spontaneous rhabdomyosarco- ma s in BALB/cJ mice may be assoc iated with a genetic predisposition. Further breeding studies are needed to determine if this is correct.
Rhabdomyosarcomas are often poorly differentiated and difficult to diagnose by light microscopy, but in thi s series , all rhabdomyosa rcomas contain ed areas of strap-like multinucleated cells, and cross striations could be demonstrated equall y well in the strap-like cells with Bodian, iron hematoxylin, and phosphotungstic acid stains. The diagnosis of rhabdomyosarcoma can be furth er confirmed immunohistochemically using markers for desmin.s-' -" myoglobin.>' and various isoforms of actin ." In this study, th e monoclonal antibody directed against the sarcomeric actin isoform stained the neoplastic cells in all 14 rhabdomyosarcomas and striated muscle but not smooth muscle, and with no background staining. Th e monoclonal antibody for th e smooth muscle actin isoform stai ned only smoo th muscl e, while normal skeletal mu scle and rhabdomyosarcomas were unstained. The polyclonal antiserum directed against desmin had low background staining and stained the rhabdomyosarcomas, but it did not differentiate striated from smooth muscle. Although desmin appears to be a useful marker for rhabdomyosarcomas of human beings -and dogs. ? not all human cases are positi ve." Nonspecific background sta ining associated with antibodies directed against myosin, pan myosin , and actin , minimized th eir value as di agn ostic tools. Immunohistoch emistry, using markers for specific actin isoforms, proved to be a useful supporting test for histopathologic studies in confirming the diagnosis of rhabdomyosarcoma in the laboratory mou se.
